ABSTRACT
INTRODUCTION
The 3T3-L1 cell line is a useful in vitro model for the study of adipocyte development (5) . When a confluent monolayer of 3T3-L1 cells is exposed to the appropriate hormonal inducers, fibroblast-like pre-adipocytes differentiate to become mature adipocytes that express adipocyte markers and accumulate lipid (2) . 3T3-L1 adipocytes, like other terminally differentiated cell lines, are not efficiently transfected with exogenous genes by standard methods such as calcium phosphate coprecipitation, lipofection or electroporation. Although suitable for dividing pre-adipocytes, retroviral transduction is not useful for terminally differentiated adipocytes that have exited the cell cycle. The production of stable cell Adipocytes were transfected by gene gun-mediated transfer and lysed 48 h later in a Triton ® X-100 containing buffer. Nuclear pellets were sonicated in 1% sodium dodecyl sulfate (SDS)/60 mM Tris-HCl (pH 6.8), and approximately 40 µ g of nuclear protein were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting using antisera and procedures described previously (9) . Adipocytes that were transfected with a control vector alone (lane 1) indicated the presence of endogenous C/EBP α isoforms, thus confirming the differentiated status of the cells. Biolistic transfection with five cartridges, each of which contained about 0.2 µ g (of 1 µ g total DNA) of an expression vector for p18C/EBP α (lane 2), demonstrated the high level of transgene expression possible with gene gun-mediated transfection. (B) Duplicate plates of adipocytes were transfected with an empty expression vector (Mock) or pCMV-β -gal ( β -Gal), either by gene gun-mediated transfection or calcium phosphate co-precipitation as described previously (4). For calcium phosphate co-precipitation, 2 µ g of pCMV-β -gal and 18 µ g pcDNA3.1 as carrier DNA were used per 6-cm dish, while for gene gun-mediated transfection, seven bullets (each of which contained approximately 0.04 µ g of pCMV-β -gal) were applied to each 6-cm dish. After lysis, cytoplasmic supernatants were assayed for β -gal activity using the Galacto-Light ™ Kit (Tropix, Bedford, MA, USA) exactly as described by the manufacturer. Results of triplicate measurements are presented as mean ± range of duplicate plates. (C) Adipocytes were transfected with pEGFP by gene gun-mediated transfection (top panel) or by calcium phosphate co-precipitation (bottom panel), fixed 24 h later with 3.7% paraformaldehyde, stained for 1 min with propidium iodide and viewed with a Nikon Diaphot ® 300 Fluorescent Microscope (Nikon, Melville, NY, USA) equipped with a standard filter set. Calcium phosphate co-precipitation was performed with 10 µ g of pEGFP and 10 µ g of pcDNA3.1 per 6-cm plate. Gene gun-mediated transfection was performed with seven bullets per 6-cm plate, with each bullet containing approximately 0.2 µ g of pEGFP. The number of GFP-positive (transfected) cells in a given field was compared to the number of propidium iodide-positive (total) cells in the same field to derive an estimate of transfection efficiency. lines by any of the above methods requires transfection before differentiation (and the growth arrest that accompanies it), thus making it difficult to separate the effects of the transgene on differentiation from its effects on the differentiated adipocyte. In addition, selection for stable transfectants can be associated with production of clones with altered cellular function or differentiation capacity.
The lack of a suitable transfection method for adipocytes has hindered analyses of adipocyte biology. In response, other groups have attempted to use unconventional methods for genetic transfer into adipocytes. MeunierDurmort et al. (10) have devised a transfection protocol that involves a combination of a commercial liposome preparation and replication-deficient adenoviruses to deliver plasmid DNA to 3T3-F442A adipocytes. While the number of adipocytes successfully transfected in the presence of the liposome/adenovirus combination is significantly higher than attainable under standard transfection conditions, this method is still only capable of genetic transfer to less than one-tenth of 1% of the cells present. However, transduction of 3T3-L1 adipocytes with recombinant adenovirus leads to an infection rate of >70% (3), but often this methodology is associated with nonspecific cellular effects that are independent of the transferred gene.
Particle bombardment (gene gunmediated transfection) was first developed as a genetic delivery system for plants (8) and was later applied to mammalian cells in vitro (11, 12) in which it was found to be particularly useful for cell lines that are difficult to transfect (6) . For this reason, we investigated whether gene gun-mediated genetic transfer could be used to transfect 3T3-L1 adipocytes.
MATERIALS AND METHODS
After plasmid DNA was purified using the BIGGESTprep ® Plasmid DNA Purification Kit (5 Prime →3 Prime, Boulder, CO, USA), it was precipitated onto 1.0-µ m diameter gold microcarriers. Briefly, 50 µ g DNA were mixed Cartridges were prepared with pCMV-β -gal (2 µ g), a luciferase reporter plasmid (pWTob-luc or pMUTob-luc) (5 µ g) and either an empty expression vector (pcDNA3.1; CLONTECH) or an expression vector for p42C/EBP α(1 µ g). Empty expression vector was used to bring the total DNA for cartridge preparation to 50 µ g. Each cartridge preparation yielded approximately 50 cartridges; thus, each cartridge contained about 1 µ g of total DNA. Five cartridges were used for each 6-cm plate of adipocytes. Cells were lysed as above, and cytoplasmic supernatants were assayed for luciferase activity as described previously (1). Luciferase values were determined in triplicate with a Model LB 953 AutoLumat Luminometer (EG&G Berthold, Bad Wilbad, Germany). Results from a typical experiment are presented as mean ±range of duplicate plates. This experiment was repeated three times with similar results. The basal level of luciferase activity in adipocytes transfected with pWTob-Luc was 4.7 ×10 4 relative light units (RLU)/ µ g pWTob-luc DNA. β -gal activity was used to normalize for small differences in transfection efficiency between plates. lb/in 2 was used to accelerate the gold/DNA complexes from the tubing surface. Five to seven cartridges were applied to each 6-cm dish of adipocytes, allowing for more than half the cells on the dish to be within a bombarded area. Medium was then replenished, and 3T3-L1 adipocytes were cultured for an additional 24-48 h. The use of a larger number of bullets was associated with cell death largely caused by disruption of the adhesive interactions that the adipocytes had formed with the culture plate. This cell death appears to be caused by pulses of pressurized helium rather than bombardment with gold particles.
RESULTS AND DISCUSSION
Several experiments were performed to determine the efficiency of gene gun-mediated transfection in adipocytes. First, cells were transfected with an expression plasmid that codes for the carboxy-terminal 18 kDa of the transcription factor CCAAT/EnhancerBinding Protein α(p18C/EBP α ). Immunoblot analysis was used to compare the expression of p18C/EBP αto the expression of endogenous C/EBP αiso -forms (p42C/EBP αand p30C/EBP α ), which are easily detected in lysates from 3T3-L1 adipocytes. Figure 1A shows that gene gun-mediated transfection caused p18C/EBP α to be expressed at much higher levels than endogenous p42C/EBP αand p30C/EBP α isoforms. Introduction into adipocytes of the β -galactosidase ( β -gal) gene under the control of the cytomegalovirus (CMV) promoter (pCMV-β -gal) by gene gun-mediated transfection caused an increase in β -gal activity to 12 times that of the background activity in adipocytes. Note that adipocytes contain a high level of endogenous β -gal activity, and therefore this fold induction is a very conservative estimate. Following calcium phosphate-mediated transfection of adipocytes, only background β -gal activity was detectable ( Figure 1B) .
To estimate the number of transfected cells as a percentage of total cells, adipocytes were transfected with an expression vector (pEGFP; CLONTECH Laboratories, Palo Alto, CA, USA) encoding green fluorescent protein (GFP) under control of the CMV promoter. Plates transfected with GFP by the gene gun contained many fields in which 30%-40% of the cells contained detectable GFP as assessed visually by fluorescent microscopy. Overall, when seven cartridges were applied to a 6-cm dish of adipocytes, 5%-10% of the approximately 2 million adipocytes on the dish were GFP-positive. Transfection by calcium phosphate co-precipitation yielded <50 GFP-positive adipocytes on a 6-cm dish ( Figure 1C) .
Finally, we sought to determine if the expression products of gene-guntransferred DNA could mediate a functional response in adipocytes. Transfection with a plasmid containing a luciferase reporter gene downstream of the obese gene promoter (pWTobluc) (7) resulted in basal promoter activity mediated by endogenous adipocyte transcription factors, including C/EBP α . When a C/EBP αexpression vector under control of the CMV promoter was co-transfected with pWTobluc, an 8-fold increase in luciferase activity was observed. Transactivation by C/EBP αwas abolished when an obese gene promoter with a mutated C/EBP site (pMUTob-luc) (7) was used to direct expression of luciferase (Table 1 ).
In conclusion, we have demonstrated that gene gun-mediated genetic transfer into mature adipocytes results in transfection that is at least two orders of magnitude greater in efficiency than that obtained with nonviral methods. The ability to perform successful transactivation experiments in adipocytes will allow for detailed analysis of transcriptional control mechanisms in fully differentiated adipocytes. The application of gene gun-mediated transfection to adipocytes is a significant technical advance that opens numerous avenues into the investigation of adipocyte biology. In addition, this technique should be widely applicable to other cell types that are refractory to standard methods for genetic transfer.
